The infectivity of the RNA of six nepoviruses was decreased or abolished by proteinase K treatment, whereas that of the RNA of cowpea mosaic virus (comovirus group) or tomato bushy stunt virus was unaffected. The extent of the decrease in infectivity was characteristic for each nepovirus and was independent of the plant species used as virus source or as assay host. The infectivity of raspberry ringspot virus (RRV) RNA was less affected than that of the other nepoviruses but treatment with Pronase decreased infectivity more than treatment with proteinase K. Proteinase K treatment also abolished the infectivity for tobacco mesophyll protoplasts of RNA of tobacco ringspot virus (TRSV) and tomato black ring virus (TBRV).
INTRODUCTION
The RNA of two nepoviruses, tobacco ringspot virus (TRSV) and tomato black ring virus (TBRV), needs a protease-sensitive structure for infectivity (Harrison & Barker, 1978) ; moreover, a protein of mol. wt. about 4000 is covalently attached to TRSV RNA (Mayo et al., 1979a) . Proteins of apparent mol. wt. 2000 to 12000 are also known to be linked to the genome RNA of several viruses of vertebrates (Flanegan et al., 1977; Lee et al., 1977; Sangar et al., 1977 , Burroughs & Brown, 1978 Hruby & Roberts, 1978; Perez-Bercoff & Gander, 1978; Schaffer et al., 1980) , and to that of cowpea mosaic virus (CPMV) (comovirus group; Daubert et al., 1978; Stanley et al., 1978) and southern bean mosaic virus (Ghosh et al., 1979) . In those instances examined, the genome-linked protein (VPg) is attached at the 5'-end of the RNA Sangar et al., 1977; Golini et al., 1978; Stanley et al., 1978) .
Nepovirus genome linked proteins 151
mg washed bentonite/ml or in ice-cold 0.07 M-phosphate buffer pH 7. Plastic gloves were worn during inoculation and leaves, previously dusted with corundum (UK Optical Co.), were wiped with muslin pads dipped once in inoculum. Local lesions were counted 7 to 14 days later. Infectivity assay using protoplasts. Mesophyll protoplasts were prepared as described by Kubo et al. (1975 a) from leaves of tobacco (Nicotiana tabaeum cv. Xanthi) plants grown in a controlled environment (Kubo et al., 1975 b) . To test the infectivity of TRSV RNA, freshly sedimented protoplasts were resuspended in 0-7 M-mannitol containing 50 pg/ml washed bentonite and immediately mixed with an inoculum containing 12 to 50 pg/ml virus RNA, 50 pg/ml bentonite, 0.25 /~g/ml poly-L-ornithine, 0.1 M-phosphate buffer pH 6 and 0.7 M-mannitol. After incubating this suspension for 10 min at 0 °C, the protoplasts were washed by three cycles of sedimentation and resuspension in 0.7 M-mannitol containing 0.1 mM-CaC12. Inoculated protoplasts were incubated for 2 days at 21 °C in continuous light of 3000 lux and then stained with fluorescent antibody to virus particles (Kubo et al., 1975 a) .
To test the infectivity of TBKV RNA, samples of 106 protoplasts were inoculated in 0.7 M-mannitol with 50 #g of RNA using polyethylene glycol 6000 as described by Maule et al. (1980) . After incubation as described above, the concentration of TBRV particles in protoplast extracts was assayed by enzyme-linked immunosorbent assay (ELISA).
ELISA. The concentration of TBRV particles in protoplast extracts was assayed by ELISA (Clark & Adams, 1977) . Pellets containing 105 protoplasts were mixed vigorously in 1 ml 0.02 M-phosphate buffer pH 7.4, 0.15 M-NaCI, 0.05% Tween-20, and a series of dilutions were prepared in the same medium, y-Globulin from rabbit antiserum to TBRV-G particles was used at 1 pg/ml to coat the wells of microtitre plates (M129A; Dynatech). The antigen preparations were kept in the wells overnight at 4 °C, and the wells were then exposed to enzyme-conjugated globulin at 1/800 for 3 h at 37 °C. After adding substrate, the plates were kept for 3 h at 25 °C and then for 16 h at 4 °C. A405 values were recorded by a Titertek Multiskan colorimeter (Flow Laboratories).
Treatment of RNA with proteases. Pronase (Koch-Light) or proteinase K (Boehringer, Mannheim) at twice their final concentration were dissolved in 0.15 M-sodium chloride, 0.015 M-sodium citrate pH 7.7 (SSC) containing 0.5 % SDS, and were incubated for 20 to 30 rain at 37 °C before use. The protease solutions were then mixed with samples of RNA in SSC containing 0.5 % SDS to give final concentrations (unless otherwise stated) of RNA at 25 /tg/ml, Pronase at 1 mg/ml and proteinase K at 0.2 mg/ml. Each mixture was then incubated for 16 h at 37 °C. Control mixtures were identical except that they did not contain protease. After protease treatment, RNA to be used in chemical tests was recovered by precipitation in 70 % ethanol at -18 °C. RNA samples destined for infectivity tests were emulsified with 0.5 vol. water-saturated phenol + m-cresol (9 : 1, v/v) containing 0.1% 8-hydroxyquinoline, and RNA in the aqueous phase was twice precipitated in 70% ethanol at -18 °C. Protease treatment did not result in any detectable loss of RNA, in contrast to the treatment used by Chu etal. (1981) .
Iodination ofRNA. RNA (50 to 300 pg) was iodinated using 200 to 300 pCi of carrier-free Na~ZSI as described by Daubert et al. (1978) and Mayo et al. (1979a) . In most experiments chloramine T was used at 0.09 mg/ml. RNA was also iodinated using 3, 4, Pierce Chemical Company, Rockford, Ill., U.S.A.) . A glass tube was coated by evaporation of 50/A chloroform containing 20 pg/ml Iodo-gen (Fraker & Speck, 1978) . RNA (300 to 400 #g in 100 pl) and iodide (KI + Na~25I at a molar ratio of 9 : 1) equivalent to 1 mole I-per mole of RNA (assuming a mean mol. wt. of 2 x 106) in 0.02 M-sodium borate buffer pH 8-2 were then agitated in the tube for 5 min at 0 °C. Iodinated RNA was separated from unbound iodide by several precipitations from 70% ethanol followed by resuspension in 0.15 M-sodium acetate + 0.5% SDS pH 6 and sedimentation to near equilibrium in caesium trichloroacetate (Mayo et al., 1979 a (Laemmli, 1970) and 10 cm-length slab gels. The part of the gel containing marker proteins (cytochrome c and 'molecular weight markers'; BDH) was stained using Coomassie Brilliant Blue and the part containing radioactive proteins was left overnight at 4 °C in 30% trichloroacetic acid, washed in methanol + acetic acid + water (5:1:5, by vol.) and dried. Radioactivity was located by autoradiography using X-ray film (Kodak). Autoradiograms were scanned using a Joyce-Loebl microdensitometer.
Preparation and analysis of peptides from 125I-labelled protein. VPg released from virus
RNA by nuclease treatment was precipitated with 90% acetone. Samples to be treated with staphylococcal V8 protease (Miles Laboratories) were dissolved in 0.125 M-tris-HCl pH 6.8, 0.5% SDS, 1 mM-EDTA. V8 protease at I0 to 200 #g/ml was added to the RNA and after incubation at 30 °C, usually for 30 min, SDS and 2-mercaptoethanol were each added to 1%; this mixture was heated at 100 °C for 2 min. Samples were then analysed by polyacrylamide gel electrophoresis and autoradiography as described for ~25I-labelled protein.
Tryptic peptides were produced by adding 6 :tg trypsin (type XI, diphenylcarbamyl chloride-treated; Sigma) to 0.1 ml 1% ammonium carbonate solution containing VPg + 300 #g performic acid-oxidized myoglobin, and incubating the mixture at 37 °C for 5 h. Some samples were then lyophilized, others were first incubated for a further 19 h with or without an additional 6 :tg trypsin. For analysis by peptide mapping, the dried peptides were dissolVed in 10 #1 pyridine/acetic acid/water (10:0.4:90, by vol.). After brief centrifugation, 3 to 6 #1 of the solution was applied to buffer-soaked, 0.1 mm-thick cellulose thin layers (Polygram Cel 300, Macherey-Nagel Co.). After electrophoresis at 400 V for 40 min, the plates were dried and chromatographed for about 4 h in butanol/pyridine/acetic acid/water (60:40:12:48, by vol.). Myoglobin peptides were located by ninhydrin staining and ~25I-labelled peptides were located by subsequent autoradiography.
RESULTS

Effect of proteinase K on infectivity of RNA
The infectivity of RNA from all nepoviruses tested was decreased by treatment with proteinase K, but the infectivity of RNA from TBSV or CPMV was unaffected by a similar t RNA was incubated at 37 °C for 16 h in 0.15 M-NaC1 + 0.015 M-sodium citrate pH 7.7, either with 0.2 mg/ml proteinase K (+ proteinase K) or without enzyme (+ buffer). treatment ( Table 1 ). The nepoviruses could be divided into two categories by the extent to which the infectivity of their RNA was decreased. Less than 0.5 % of the infectivity of RNA from TRSV, TBRV and TomRSV survived treatment with proteinase K, whereas the figures for RNA from AMV, RRV and SLRV were 3 % or more. There was no evidence that the amount of proteinase K-resistant infectivity depended on the propagation or assay host. Nepoviruses in both categories were cultured in the same host, and proteinase K had the same effect on RNA from TRSV cultured in cucumber and N. clevelandii. In addition, proteinase K inactivated TRSV RNA, as judged by its ability to induce lesions in leaves of C.
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amaranticolor, Chenopodium murale, N. tabaeum 'White Burley', Phaseolus vulgaris and Tetragonia expansa, and proteinase K-treated RNA from RRV had the same residual infectivity for C. amaranticolor and C. quinoa.
Five single-lesion isolates were cultured from the few lesions obtained when proteinase K-treated RNA from TBRV-A was assayed. None had RNA that was more resistant to inactivation by proteinase K than was RNA from the parent culture, suggesting that the small proportion of infectivity surviving was not caused by the existence of proteinase K-resistant genetic variants in the virus population.
These tests assessed the ability of proteinase K-treated RNA to induce local lesions in intact leaves. To investigate the effect of proteinase K treatment on infection of inoculated cells, tobacco protoplasts were inoculated with TRSV RNA, previously treated with buffer or proteinase K, and infection was determined by staining with fluorescent antibody. No infection was detected when proteinase K-treated RNA (up to 50 /zg/ml) was used as inoculum, although up to 31% of protoplasts inoculated with buffer-treated RNA were stained. To test for quantities of virus antigen insufficient for detection by staining with fluorescent antibody, protoplasts were inoculated with buffer-or proteinase K-treated RNA from TBRV-G and, after culture, the amount of antigen synthesized was estimated by ELISA. No virus antigen was found in extracts of protoplasts inoculated with proteinase K-treated RNA, although only 2% of the amount synthesized (1-1 pg virus per protoplast) in protoplasts inoculated with buffer-treated RNA would have been detected. Thus, proteinase K-treated RNA did not induce the synthesis of detectable amounts of virus particles. Proteinase K treatment, therefore, does not act simply by preventing cell-to-cell movement of virus in leaf tissue.
Relative effects of Pronase and proteinase K on infectivity of RNA from raspberry ringspot virus
In a series of experiments in which RRV RNA was treated with either Pronase or proteinase K, the residual infectivity ranged from 3% to 70% of that of untreated RNA. A * Buffer was 0.15 M-NaCI + 0.015 M-sodium citrate pH 7-7; proteinase K was at 0.2 mg/ml, and Pronase was at 1 mg/ml. Each single treatment was for 16 h at 37 °C; before a second treatment, the RNA was extracted with phenol.
~" Total number of lesions in four Chenopodium amaranticolor leaves. Properties of iodine-labelled RNA The specific radioactivities of iodine-labelled RNA from the nepoviruses and from EAMV were 15-to 30-fold greater than those of RNA from TBSV and TRV (Table 3) . Similar results for EAMV RNA were reported by Daubert & Bruening (1979) . When this heavily labelled RNA was treated with Pronase and recovered by precipitation with ethanol, most of the radioactivity became soluble in the ethanol phase. This indicates that the bulk of the label is in material attached to the RNA by Pronase-susceptible bonds, as would be expected for a VPg. In contrast, Pronase had little effect on the specific radioactivity of TBSV RNA or TRV RNA. Proteinase K had the same effect as Pronase on the specific radioactivity of TBRV RNA. The RNA of all viruses except SLRV had a similar specific radioactivity after Pronase treatment, and this labelling is thought to be of the RNA itself. This conclusion is supported by the finding that about 5 % of the radioactivity of ribonuclease-treated TBRV RNA was soluble in 90 % acetone. SLRV RNA behaved differently from the RNA of the other viruses. Its specific radioactivity was decreased by only about half by treatment with Pronase (Table  3) or proteinase K, suggesting that one or more residues of iodinated amino acid (presumably tyrosine) remained attached to the RNA. These findings suggest that the RNA of all the nepoviruses tested, and the comovirus, possesses a VPg, whereas none was detected in TBSV RNA or TRV RNA. However, comparison of the data for the different nepoviruses shows that there was no consistent relation between the effects of the proteases on specific radioactivity and those on infectivity.
Both species of genome RNA of TRSV possess a VPg (Mayo et al., 1979a) . Electrophoresis in gels of 2.2 % polyacrylamide + 0.5 % agarose showed that this is also true for the two parts of the RNA genome of TBRV-S [mol. wt. 2.8 × 106 (RNA-1) and 1.65 × 106 (RNA-2); Murant et aL, 1981] and, in addition, for the satellite RNA of this virus [mol. wt. 5 × 105 (RNA-3); Murant et al., 1973] (Fig. 1) . The specific radioactivities of RNA-1, RNA-2 and RNA-3 (calculated by dividing the total radioactivity, net of background, in the 
Properties of isolated genome-linked proteins
Electrophoresis of VPg prepared by ribonuclease treatment of ~25I-labelled R N A in 20% polyacrylamide gel produced a single radioactive band; no radioactivity was found in any experiment in the position corresponding to virus coat protein. For TRSV, TBRV or RRV, the protein did not differ in mobility when prepared by hydrolysing the R N A either with ribonuclease A or with ribonucleases A + T 1, or with 0-3 M-KOH. The relative mobility of VPg from different viruses, compared in a single gel, differed consistently (Fig. 2) ; however, these differences were less than those in the mobility of one VPg in different gels. The order of mobilities was SLRV > TBRV > TRSV > R R V but all estimates of mol. wt. fell in the range 4000 + 900 (2 × S.E.). All four viruses, therefore, seem to possess chemically detectable VPg and the small differences in their electrophoretic mobilities suggest the proteins are not identical.
To obtain further evidence on this point, preparations of VPg from R N A of RRV, TBRV and TRSV were treated with V8 protease. The mobility in 20% polyacrylamide gels of protein from TRSV R N A was unchanged whereas that of protein from R R V R N A and TBRV R N A was increased. Using 10/~g/ml protease, RRV VPg was digested to give a substrate ratio) at 37 °C for 5 h. Samples were analysed by electrophoresis followed by ascending chromatography. Myoglobin peptides were detected by staining chromatograms with ninhydrin (ringed spots). Radioactive peptides were detected by autoradiography; hatched spots indicate weakly radioactive peptides, and black spots indicate strongly radioactive peptides. The starting positions of the samples are arrowed.
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peptide of slightly greater electrophoretic mobility, and with the protease at 50 pg/ml a further partial change occurred to produce a peptide with an apparent mol. wt. about half that of untreated VPg (Fig. 3) . In contrast, when treated with V8 protease at 50/lg/ml, TBRV VPg was changed into a half-sized molecule without any apparent intermediate product (Fig.  3) . The genome-linked proteins of different strains of RRV (E, S and LG; Fig. 3 ) were affected very similarly by V8 protease, as were those of TBRV strains (A, G and S). These results therefore suggest that the genome-linked proteins of the three viruses have different amino acid sequences. Chromatography, with or without electrophoresis, of VPg prepared by treating TRSV RNA with ribonuclease P1 gave one major radioactive spot and three or four weak spots (Figs 4a and 5a) . However, after digestion with trypsin, only a single nSI-labelled peptide was obtained, and this mapped in a position (Fig. 5 b) well removed from the spots given by undigested protein. The position of this peptide was identical in maps obtained from VPg prepared from TRSV propagated in either tobacco or cucumber. These results suggest that TRSV VPg is somewhat heterogeneous in size or composition, but that it has only one tryptic peptide containing tyrosine accessible to iodination.
Similar experiments indicated that untreated TBRV VPg was more heterogeneous than that of TRSV: in addition to two major radioactive spots, three or four minor spots were evident in most tests (Fig. 4 b) . This heterogeneity was not altered when, in attempts to avoid possible damage during iodination, the concentration of chloramine T was decreased to a fifth, or Iodo-gen was used instead of chloramine T. Nor was it altered when 1 mM-phenylmethylsulphonyl fluoride, a protease inhibitor, was present during and after iodination. After moderate exposure to trypsin, the pattern of radioactive peptides differed from that of untreated material, but again there were two major and three or four less intense spots. This pattern was the same for VPg from each of the three RNA species of TBRV (Fig.  6 ). After more prolonged digestion one of the major spots remained (spot 5, Fig. 7 ) and the other spots were largely replaced by a second major spot (spot l, Fig. 7 ). The same result was obtained for the VPg of TBRV strains A, G and S. These findings indicate that the proteins linked to the two genome RNA species of TBRV and to the satellite RNA (RNA-3) were indistinguishable, and suggest that TBRV VPg has two tryptic peptides containing tyrosine accessible to iodination. RRV VPg also contained two major and three or four minor components (Fig. 4 c, d) . No difference was detected between the VPg of strains E, LG or S, or between the VPg of pseudo-recombinant isolates prepared from strains E and LG (Fig. 4c, d ). Moderate treatment with trypsin converted RRV into about six new components, of which two were particularly prominent. One of these was stable to further exposure to trypsin (spot 3, Fig. 7 ) whereas the others were converted to a second major component (spot 4, Fig. 7) . No difference was observed between the tryptic peptides obtained from VPg of strains E, LG or S. However, when a mixture of tryptic peptides from VPg of RRV, TBRV and TRSV was analysed, the labelled peptides were well resolved (Fig. 7) .
D I S C U S S I O N
The results reported in this paper, together with those of Mayo et al. (1979a) , show that possession of a VPg is a characteristic of nepoviruses. The apparent size of the VPg, and the products of its digestion by V8 protease or trypsin, differ from one nepovirus to another. These differences are independent of propagation host: they were found when different nepoviruses were cultured in the same host but not when one nepovirus was cultured in different hosts. VPg is therefore virus-specific and probably virus-coded. If virus-coded, VPg must be specified by RNA-1. This is because TBRV RNA is not infective without VPg, and infective RNA-1 is synthesized in protoplasts inoculated only with RNA-1 (Robinson et al., (Stanley et al., 1980) . TRSV VPg has only one tryptic peptide containing a tyrosine residue accessible to iodination, whereas the genome-linked proteins of RRV, TBRV, and probably SLRV, contain two. It is conceivable that each virus has two different proteins linked to its RNA, as suggested for foot-and-mouth disease virus, poliovirus (King et al., 1980) and encephalomyocarditis (EMC) virus (Vartapetian et al., 1980) , and that only one of the two TRSV proteins contains a tyrosine residue that can be iodinated. This kind of heterogeneity could underlie the difference in effect of Pronase and proteinase K on the infectivity of RRV RNA. However, it is equally possible that the VPg of RRV is all of one type, that it possesses two tryptic peptides which can be iodinated and that it is more extensively degraded by Pronase than by proteinase K.
Tryptic digestion of the proteins attached to RNA-1 and RNA-2 of TBRV gave the same products, indicating that the two parts of the nepovirus genome are linked to identical proteins. These peptides were also obtained from the protein linked to the TBRV satellite RNA (RNA-3), which therefore shares two important structural features with the genome RNA: it possesses a polyadenylate sequence (Mayo et al., 1979 b) and is bonded to TBRV VPg. These features in common seem particularly noteworthy because nucleic acid hybridization experiments have shown no homology in nucleotide sequence of the satellite RNA to either genome part (Robinson, 1982) .
An unexpected feature of our results is the difference in effect of proteases on the infectivity of the RNA of different nepoviruses. Perhaps, by analogy with enteroviruses (Nomoto & Imura, 1979) , more than one amino acid residue remains attached to the virus RNA after protease treatment, and this peptide is, for some viruses, adequate to potentiate infection. SLRV VPg appears to contain two tyrosine residues accessible to iodination, one of which is not removed from RNA by Pronase; it may be significant that protease-treated SLRV RNA retains at least 10% of its infectivity. The failure of protease treatments to decrease infectivity of the RNA of CPMV (Stanley et al., 1978 ; and our results) or enteroviruses Sangar et aL, 1977) might simply reflect the ability of comparable protease-resistant fragments to play as active a part in infection as undegraded VPg. Alternatively, for some viruses, VPg may not be absolutely required for infection, but merely be a potentiating factor. On this hypothesis, the difference in effects of Pronase and proteinase K on the infectivity of RRV RNA could be explained if Pronase removes more amino acid residues than proteinase K, and these residues contribute to infectivity.
VPg may therefore have a relatively non-specific role, such as protecting the 5'-end of the RNA, much as has been suggested for the cap structure on molecules of tobacco mosaic virus RNA (Wodnar-Filipowicz et al., 1978) and for the protein linked to the 5'-end of adenovirus DNA molecules (Dunsworth-Browne et al., 1980) . Recent evidence, however, suggests that VPg may play a specific but as yet undefined role in enterovirus RNA replication. The genome-linked proteins of poliovirus and EMC virus are part of the non-structural proteins which give rise to virus-specific RNA polymerase by specific cleavage (Kitamura et al., 1980; Pallansch et al., 1980) . The situation in nepoviruses and comoviruses may be similar, because the RNA-1 of both TBRV (Robinson et al., 1980) and cowpea mosaic virus Stanley et al., 1980) apparently codes both for VPg and for a polymerase function.
Genome-linked proteins may also have some quite different function. They do not seem to be involved in the translation of the RNA of enteroviruses (Perez-Bercoff & Gander, 1978; Golini et al., 1980; Sangar et al., 1980) , CPMV (Stanley et al., 1978) , TBRV (Koenig, 1979; I. Koenig & C. Fritsch, personal communication) or TRSV (Chu et aL, 1981) , and they have not been found in poliovirus messenger RNA . There is, however, evidence to suggest that they are linked to all RNA molecules in virus particles; Klootwijk et 
